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Prenatal stress and the NMDA receptor
Amber Kerkhofs

Early adversity, including prenatal stress (PS), is a prevalent problem in our modern world. The affected unborn child experiences severe problems later in life, such as learning-related diseases and memory problems. A possible mechanism by which these learning deficits arise, is by the elevation of the corticosterone levels that reach the fetus, affecting the HPA-axis in later life. PS is also accompanied by alterations in brain organization that are long-lasting and related to learning deficits. In this respect, PS has been shown to alter dendritic morphology, disrupt neurogenesis and increase the susceptibility for excitotoxicity in the hippocampus. These processes critically depend on the n-methyl-d-aspartate (NMDA) receptor. The NMDA receptor, a glutamate receptor important for synaptic plasticity, is crucially altered in expression and function after corticosterone exposure. Therefore, it could provide the link between the prenatal-stress evoked corticosterone level increase and brain deficits in the offspring. We here discuss the involvement of the NMDA receptor in affecting the structure of the brain after PS. 
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Chapter 1 – Prenatal stress: Effects on brain plasticity
1.1. Prenatal stress is a model of early life insult
Early life insult can importantly influence the way individuals cope with stressful situations later in life. Research shows that the more adverse experiences an adult had during early life, the more likely he is to develop depression or other stress-related diseases, often related to later life encountering with stress (Shonkoff & Garner, 2012). One form of early life insult is the incidence of prenatal stress (PS), the stress experienced by the fetus of a pregnant female. As the brain is still developing during the perinatal period, it is highly vulnerable to an imbalanced environment. The elevated presence of stress hormones due to PS has an enormous impact on the individual, influencing both behavior and brain structure. 
1.2. Prenatal stress has long-lasting effects on behavioral functioning
The effects of PS on behavior are long-lasting and are often related to the hippocampus. In this respect, hippocampus-related spatial learning in the Morris water maze is consistently shown to be impaired in male prenatally stressed rats (Lemaire et al., 2000; Yaka et al., 2007; Yang et al., 2006; Yang et al., 2007; Zagron & Weinstock, 2006). Also, performance in other spatial learning tasks such as the radial arm maze is impaired in prenatally stressed mice (Son et al., 2006). Next to these impairments in spatial learning, also the level of anxiety is increased in prenatally stressed animals (Vallee et al., 1997; Zagron & Weinstock, 2006; Zuena et al., 2008). This could be sex-dependent, as in one of these experiments, anxiety was only observed in male subjects (Zuena et al., 2008) whereas in another study only female subjects have elevated anxiety levels (Zagron & Weinstock, 2006).

Importantly, both anxiety and spatial learning impairments induced by PS can be reversed by a positive postnatal environment. Handling has been shown to reverse the effect of PS on anxiety (Vallee et al., 1997), whereas an enriched environment could reverse spatial learning deficits (Yang et al., 2007). 
1.3. Prenatal stress has long-lasting effects on brain plasticity
There is an extensive body of research showing the involvement of PS in long-term changes in the hippocampus, ranging from a decrease in dendritic length to impairments in cell birth and cell death. We will discuss those experiments here.
1.3.1. Morphology
The dendrite is an important structure for receiving signals from a presynaptic neuron. Several dendrites arbor together and form a dendritic tree through which communication with other neurons is possible. Dendritic spines on the surface of the dendrite are connected with the presynaptic terminal. The majority of excitatory synapses are formed at dendritic spines (Bourne & Harris, 2008). PS has long-lasting effects on dendritic structure of hippocampal neurons. The impact of PS on dendritic length and complexity of the neurons in the Ca3 area of the hippocampus is repeatedly observed in several different research groups (Bock et al., 2011; Fujioka et al., 2006; Hosseini-Sharifabad & Hadinedoushan, 2007; Jia et al., 2010; Michelsen et al., 2007; Suenaga et al., 2012). Especially the length and complexity of apical dendrites is affected, in both the Ca3 area of young female rats (Jia et al., 2010) and adult male rats (Michelsen et al., 2007) (Figure 1). 
In contrast, in another experiment the dendritic length of Ca3 neurons decreased in male prenatally stressed rats, whereas no change was observed in female rats (Suenaga et al., 2012). Notably, decreases in dendritic length in both Ca1 and Ca3 area are associated with the severity of the PS. Whereas severe PS led to a decrease in dendritic length in the Ca1 and Ca3 areas of the hippocampus of 10-day old rats, a low-stress stimulus reverses this pattern (Fujioka et al., 2006). These alterations are important for learning, as shown by the association of a decreased dendritic length in Ca3 with impairments in learning after PS exposure (Hosseini-Sharifabad & Hadinedoushan, 2007).
Next to changes in the length and complexity of the dendrite, PS also impacts on dendritic spines and synapses (Figure 1B, 1C). Adult mice with a history of PS had both a decrease in synapse density as in spine density in the hippocampal region Ca3, which was already present at 3 weeks of age (Ishiwata et al., 2005). Also in male rats a decrease in synaptic density was observed in the hippocampus 35 days after birth (P35) of prenatally stressed male rats (Hayashi et al., 1998). Regarding the age of onset of morphological changes, not all brain regions follow a similar pattern. While in Ca1 an increase in spine density at P35 and a decrease at P65 was observed, in the Ca3 area already at P35 a decrease in spine density was observed that was still present at P65 (Martinez-Tellez et al., 2009). These results indicate that the effects of PS on dendritic spine density have an earlier onset in the Ca3 area than in the Ca1 area. This might only apply for spine density and not for other morphological alterations, as in the Ca1 area of 21-day old rats, indeed an increase in spine density was found, whereas the complexity and length of spines decreased, as well as the number of excitatory synapses (Mychasiuk et al., 2011). In short, PS severely impacts on dendritic morphology in the hippocampus by decreasing dendritic length, dendritic arbor complexity, spine density and synapse density. The onset of these morphological alterations is defined per region of the hippocampus. 
1.3.2. Neurogenesis
Another major brain alteration after PS is neurogenesis, the creation of new neurons. Neurogenesis peaks during early development, but also occurs in the adult brain, although at a slower rate, and is importantly upregulated by learning (Gould et al., 1999; Lemaire et al., 2000). These new neurons in the adult brain originate from granule cell precursors that reside in the subgranular layer of the dentate gyrus and generate daughter cells (Cameron et al., 1993). A substantial portion of the newly generated cells die within the first few days after division, but a significant fraction of these newborn neurons do survive and are maintained; these cells migrate over short distance and differentiate for the most part into granule neurons (Kempermann et al., 2003). These neurons permanently integrate in the dentate network, receive functional inputs (Toni et al., 2007) and form functional synapses with their target cells (Toni et al., 2008).

Neurogenesis after prenatal stress
PS dramatically alters cell proliferation in neonatal, adolescent, adult, middle-aged and old male rats (Lemaire et al., 2000; Van den Hove et al., 2006). Mainly deficits in cell proliferation are observed in these animals (Figure 2). Cell proliferation was accompanied by a decrease in dentate granule cells from adult age (3 months) on (Lemaire et al., 2000). Interestingly, not only basal proliferation levels are decreased, but also neurogenesis after a learning task was impaired (Gould et al., 1999; Lemaire et al., 2000). In a mild psychosocial PS paradigm, impaired neurogenesis was observed in 30-day old rats, whereas their behavior showed no impairments (Odagiri et al., 2008), indicating that the decreased cell proliferation after PS could precede the detection of behavioral deficits. The effect of PS on neurogenesis is sex-dependent: in adult male rats, PS induced a decrease in neurogenesis, whereas in adult female rats no significant differences were observed (Zuena et al., 2008). This related to the differential behavioral profile of these rats, with an increased anxiety in males and an increase in spatial learning in females (Zuena et al., 2008). These effects could be explained by the age-dependent impact of PS on neurogenesis in females. Koehl and colleagues showed that female prenatally stressed rats only started to show an impairment in neurogenesis at senescence (Koehl et al., 2009). 





Excitotoxicity, the neuronal damage or cell death after glutamate exposure, could also play a role in prenatal stress. It has been shown that vulnerability to excitotoxic stimuli is enhanced in prenatally stressed rats. In these rats, the number of NMDA binding sites in the neopallium was increased (Rangon et al., 2007). The increased activity of the glutamate receptor NMDA after PS could have caused the increased susceptibility to the induction of cell death.  In other brain regions, NMDA binding sites have also been shown to increase due to PS (Barros et al., 2004; Berger et al., 2002; Shi et al., 2012). Prepubertal prenatally stressed rats had an elevated level of glutamate in the Ca3 area (Jia et al., 2010). Although it is not known from these rats whether they experienced increased excitotoxicity, prolonged elevated glutamate levels ultimately lead to cell death.
Many of the processes affected by PS are largely dependent on NMDA receptor activity, and we thus propose that they could be mediated by NMDA receptors. We will first present these receptors and their role in the above mentioned processes before concluding on the possible role the NMDA receptor could play in the effects of PS.
Chapter 2. NMDA receptors
2.1. NMDA receptors are ionotropic glutamate receptors
2.1.1. Glutamate
Glutamate is the most abundant excitatory neurotransmitter in our brain, playing a key role in long-term potentiation. Glutamate is normally stored presynaptically in vesicles. Upon stimulation, a presynaptic cell releases glutamate into the synaptic cleft. The released glutamate can directly bind to glutamate receptors on the postsynaptic membrane, or when excess glutamate spills over, induce extrasynaptic signaling that enables synaptic crosstalk. Glutamate is normally transported out of the extracellular space by glutamate transporters. An excess of glutamate, for example by deficits of glutamate transporters, can lead to neuronal damage and cell death, called excitotoxicity (Rothstein et al., 1996). 
2.1.2. Glutamate receptors
Glutamate can trigger responses of the post-synaptic neuron by binding to glutamate receptors. Glutamate receptors can be divided into two subtypes, depending on their mechanism of influence on the postsynaptic current. Ionotropic receptors - NMDA, AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and kainate receptors - open their pore upon binding of an ion. Metabotropic receptors (mGluRs) indirectly activate ion channels via a signaling cascade.
2.1.3. NMDA receptors 
The ionotropic glutamate receptor NMDA can be found throughout the entire brain, including the hippocampus. Unlike the other ionotropic receptors that are opened directly after binding of glutamate, the NMDA receptor pore is still blocked by a magnesium ion at slightly depolarized or resting membrane potentials (Figure 3). Only at depolarized membrane potentials the magnesium ion is detached from the NMDA receptor and both Na+ and large amounts of Ca2+ can flow through. 

The NMDA receptor is a heteromeric complex that contains at least two NR1 and two NR2 subunits. Four distinct forms of the NR2 subunit are described, where the NR2A and NR2B subunit are the most prevalent in the hippocampus (Monyer et al., 1994). Neurons with NMDARs containing more NR2B than NR2A (a low NR2A:NR2B ratio) open for a longer amount of time, resulting in a larger calcium influx into the cytoplasm, than a population with a high NR2A:NR2B ratio (Chen et al., 1999). Furthermore, the NR2A- or NR2B subunits activate different signaling cascades. The NR2A receptor preferentially binds to PSD-95 and NR2B preferentially binds to SAP102 (Sans et al., 2000). The activation of the NR2B-specific binding site of SAP102 has been shown to increase synapse formation and promote lengthening of dendrites (Chen et al., 2011). The SAP102 variant with the alternative NR2B splicing variant is developmentally regulated, with peaks around day 7 – 11 (Chen et al., 2011), indicating that binding of the NR2B receptor to SAP102 would mainly occur during the early postnatal period.
2.2. Regulation of NMDA receptor subunit composition
2.2.1. Developmental regulation
The receptor subunits follow a distinct developmental time-course. In rodents, the NR1, NR2B and NR2D subunits are present prenatally (Monyer et al., 1994; Wenzel et al., 1997). The expression of NR1 is low at birth, but progressively inclines the next 2-3 weeks (Riva et al., 1994). In the hippocampus, the NR2B subunit has a peak very early in life, at postnatal day 8, while the NR2A subunit, driven by sensory inputs, slowly increases throughout life (Riva et al., 1994). The NR2C subunit slowly becomes apparent, with a peak around day ten (Riva et al., 1994). It is not known whether PS alters the developmental profile of NMDA receptors. However, the developmental profile of the NMDA receptor subunits does suggest that NMDA-receptor mediated responses during fetal and early neonatal life are mainly dominated by the NR2B subunit (Figure 5). Possibly, the receptor subunit composition plays a role in alternatively mediating early-life events (Ikonomidou et al., 1999). 

2.2.2. Hormonal regulation
Both the NMDA current and the NMDA receptor subunit expression can be altered by exposure to stress or the stress hormone corticosterone (Liu et al., 2007; Weiland et al., 1997). While the NMDA current is rapidly decreased after corticosterone exposure (Liu et al., 2007), a chronic corticosterone administration lastingly increased the NR2A and NR2B subunit expression in the hippocampus (Weiland et al., 1997). Recent findings confirm the effect of corticosterone on NMDA receptor activity and expression: corticosterone applied to adult rat hippocampal slices at stress level potentiated evoked NMDAR-mediated synaptic responses within 30 min, whereas a long-term effect was observed (after 1 hour) by the increase of synaptic NR2A subunit expression (Tse et al., 2011).
2.3. Functional role of NMDA receptors
2.3.1. Synaptic plasticity
Only when the membrane is depolarized, ions can flow through the pore of the NMDA receptor. This property is fundamental for the role of NMDA receptors in synaptic plasticity, as it can detect the coincidence of membrane depolarization and synaptic transmission. When the pore is opened, a signaling cascade is induced by intracellular Ca2+. This leads to enhancement of this synapse by molecular alterations, for example the insertion of intracellular AMPA receptors in the cell membrane. Also, Ca2+ activates retrograde messengers that enhance glutamate release from the presynaptic terminal. Through these physiological changes a consecutive glutamate pulse will excite this synapse stronger than before. This molecular process is regarded as one of the factors underlying long-term potentiation (LTP) and long-term depression (LTD). The NMDA receptor is essential in many forms of LTP and LTD (Luscher & Malenka, 2012). In determining the direction of synaptic plasticity, the intracellular calcium concentration plays a major role: a low calcium level is likely to induce LTD, whereas a high calcium level induces LTP (Nishiyama et al., 2000). 

The induction of synaptic plasticity importantly depends on the subunit composition. A low ratio of NR2A:NR2B is associated with the increased capacity to induce long-term potentiation (LTP), while a high NR2A:NR2B ratio is more likely to induce long-term depression (LTD) (Yashiro & Philpot, 2008). 
2.3.2. Morphological and structural consequences of NMDA-R activation or constitution
2.3.2.1 Morphology
The NMDA receptor-induced synaptic plasticity has an extensive long-term impact on the brain by influencing the structure of dendrites and synapses in the brain. NMDA receptor-dependent LTP has been shown to induce changes on dendritic morphogenesis, dendritic spine density, the formation and elimination of spine synapses, the enlargement of small spines and spine shape and the genesis of new neurons (Deisseroth et al., 2004; Maletic-Savatic et al., 1999; Matsuzaki et al., 2004; Nagerl et al., 2004; Toni et al., 1999; Toni et al., 2001). Possibly these morphological changes arise via the activation of a complex signaling cascade, consecutively activating regulators in the actin cytoskeleton (Tada & Sheng, 2006). 
Next to NMDA-induced LTP, also the presence of glutamate or NMDA itself is sufficient for inducing alterations in dendritic morphology. In the embryonic dentate gyrus the application of either NMDA or glutamate stimulated both synaptogenesis and the branching of dendrites (Brewer & Cotman, 1989). The involvement of the NMDA receptor in changing dendritic morphology was even more clearly established when the researchers applied the NMDA receptor antagonist MK-801 to the cultured hippocampal neurons. Dendritic branching was then effectively blocked, and as an effect, dendrite length was tremendously increased (Brewer & Cotman, 1989). Also, synaptic NMDA dependent filopodia extrusion and genesis was observed after tetanic stimulation of neonatal hippocampal cultured neurons (Maletic-Savatic et al., 1999). Furthermore, morphological analysis of the cortex of NR1-knockout mice reveals that these mice have fewer spines. Those spines are larger and synapses had larger postsynaptic densities and larger presynaptic boutons (Ultanir et al., 2007). These results indicate that NMDA-mediated currents can stimulate morphological alterations of dendrites and spines in the perinatal brain. 
The deficit in NMDA receptors in the perinatal brain can have long-term consequences on the morphology of the brain. Rats that were exposed to a high dose of MK-801 twice daily on postnatal day 7 (P7) had as adults lower numbers of neurons in the hippocampus, as well as a decreased synaptic volume and an altered NR1 expression. These changes were observed simultaneously to behavioral alterations in the treated rats (Harris et al., 2003). Morphological deficits in the adult brain can therefore be a result of an altered fetal glutamate exposure. However, morphological changes have not been observed before P7 and confirmation is needed to see whether glutamate exposure can actually lead to morphological changes in the fetal brain.
Not all NMDA receptor subunits are similarly involved in morphological alterations. When the NR2A receptor is blocked in eight-week old cortical slices of the rat brain, this directly increases the spine width of medial spiny neurons. In contrast, treatment with a NR2B antagonist did not change the morphology (Vastagh et al., 2012). As the decreased binding of NR2A to the post-synaptic density (PSD) alone is sufficient for altering the spine width (Vastagh et al., 2012), these results indicate that the synaptic NR2A-, and not the synaptic NR2B receptor is an important mediator of morphological changes in the cortex. However, other researchers found overlapping roles of NR2A- and NR2B subunits (Ewald et al., 2008) or a more important role of the NR2B subunit in changing dendritic branching (Sepulveda et al., 2010). The NR2B subunit could be involved in altering dendritic morphology via its signaling pathway, as the activation of the NR2B-specific binding site of SAP102 has been shown to increase synapse formation and promote lengthening of dendrites (Chen et al., 2011).
2.3.2.2. Neurogenesis
The NMDA receptor is, next to morphological alterations, importantly involved in neurogenesis. In the adult rat dentate gyrus, activation of NMDA receptors rapidly decreased the rate of proliferation in the subventricular zone, as well as the number of newly generated cells (Cameron et al., 1995). The acute treatment with NMDA antagonists increased both neurogenesis and the overall density of neurons in the granule cell layer (Cameron et al., 1995).

The NR2B subunit is present in the rat progenitor cells and differentiating granule cells in the dentate gyrus (Nacher et al., 2007). Therefore, the NR2B subunit could be importantly involved in regulating adult neurogenesis. Indeed, blockade of the NR2B subunit in the dentate gyrus of adult rats led to increased proliferation, suggesting that NR2B-containing NMDARs inhibit progenitor cells proliferation in the adult brain, especially as the open NMDA channel blocker MK-801 had a reversed effect on proliferation (Hu et al., 2008). The NR2A subunit influences neurogenesis in an opposite direction. Inhibition of the NR2A receptor decreased cell proliferation in the subventricular zone and dentate gyrus and reduced the survival of newborn cells in the dentate gyrus in the adult mice (Hu et al., 2009).
2.3.2.3. Excitotoxicity
Excitotoxicity is for a great part dependent on NMDA receptor activation (Rothman & Olney, 1987). The active NMDA receptor has the potential to promote survival or death in CNS neurons (Papadia & Hardingham, 2007). The neural response to NMDA receptor activation occurs in a bell-shaped curve where physiological levels of NMDAR activity are necessary for neuroprotection, whereas too little or too much NMDA receptor activity promotes cell death (Lipton & Nakanishi, 1999). Besides stimulus intensity, also the location is important for the opposing role of the NMDA receptor in cell death and survival. It has been suggested that NMDA-induced excitotoxicity is mainly mediated through extrasynaptically activated NMDA receptors, whereas the activation of synaptic NMDA receptors is neuroprotective, possibly through activation of distinct signalling pathways (Hardingham et al., 2002; Zhang et al., 2007). This view is however recently disputed by the finding that excitotoxicity can also be mediated by the activation of synaptic NMDA (Wroge et al., 2012). 
The composition of the NMDA receptor could be responsible for the opposing effects of NMDA activation on neuronal function. (Liu et al., 2007) reported that NR2A-containing NMDARs promote survival and NR2B-NMDARs promote neuronal death. This view is controversial, as in a model where there are almost solely NR2B subunits present, cell death as well as survival can be promoted (Martel et al., 2007) and also NR2A-NMDARs were shown to be capable of mediating excitotoxicity as well as protective signaling (von Engelhardt et al., 2007). The neuroprotective versus neurodegenerative effects might be due to the preferred location of NR2A and NR2B receptors; NR2B receptors are more often found extrasynaptic, while the NR2A receptor is preferentially present in the synapse (Tovar & Westbrook, 1999). 
2.3.3. Behavioral consequences of NMDA receptor activation or disruption
The NMDA receptor is importantly involved in several forms of hippocampus-related behavior. As such, the disruption of the NMDA receptor in the hippocampus leads to impairments in spatial learning in for example the Morris water maze, a circular pool filled with opaque water in which an escape platform was hidden at a fixed location below the surface; rats can find the platform by using objects outside the maze as cues (Morris et al., 1986). These behavioral impairments can last until adulthood when the NMDA receptor is disrupted during early development (Wang et al., 2001). Within the spatial learning paradigm, the NMDA receptor is mainly involved in memory acquisition and not memory consolidation, as injection of the NMDA antagonist before, but not 1 day after training affected spatial learning (Morris et al., 1986; Morris et al., 1990). 

The specific behavioral impact of NMDA receptor blockade should be viewed in the context of the distinct subregions of the hippocampus. The rodents’ hippocampus can be divided into the dentate gyrus (DG), area Ca3 and area Ca1 (Figure 4). These areas have a distinct role in memory. For instance, Ca3 is supposed to be crucial for the storage of associative memory and its recall by ‘pattern completion’ – the ability to retrieve complete memories initiated by subsets of external cues. The Ca1 is more important for recognition of novelty or familiarity of an object or context. The DG is supposedly involved in the separation of similar memories, called ‘pattern separation’, to form discrete representations in memory (Nakazawa et al., 2004). The NMDA receptors in these areas are differently involved in behavior. Knockout of the NR1 receptor in the Ca1 and Ca3 area, respectively, shows that the NMDA receptor in the Ca1 area is involved in the acquisition of spatial reference memory, while the NMDA receptor in Ca3 pyramidal cells is not (Nakazawa et al., 2002; Tsien, Huerta, & Tonegawa, 1996). The Ca3 NMDA receptors are hypothesized to be important for the rapid acquisition of episodic-like memory and for the retrieval of associative memory by pattern completion (Nakazawa et al., 2004). The NMDA receptors in the DG seems to be importantly involved in pattern separation, as knockout of the NR1 receptor in DG granule cells led to normal performance of these mutant mice in contextual fear conditioning, but to impairment in the ability to distinguish two similar contexts (McHugh et al., 2007). 

The NMDA subunits are differentially involved in hippocampus-related learning. The NR2B subunit has a positive impact on spatial learning. The specific knockout of NR2B in the hippocampus leads to impaired spatial learning of young Fischer rats (Clayton et al., 2002), although spatial learning was not impaired in mice in which the NR2B receptor was missing (von Engelhardt et al., 2008). These mice did have impairments in their short-term memory (von Engelhardt et al., 2008). Affirmatively, overexpression of the NR2B receptor enhances performance in the Morris water maze task (Tang et al., 1999). Also the temporal blockade of the NR2B receptor had an effect on spatial learning, although this resulted in a positive impact on the formation of spatial memory, probably by up-regulating neurogenesis in the hippocampus (Hu et al., 2008). In contrast, the blockade of the NR2A receptor hindered spatial learning, likely through the decrease in cell proliferation (Hu et al., 2009). Knockout of the NR2A subunit has only led to mild spatial learning impairments in one experiment (Sakimura et al., 1995), whereas mutant mice in another experiment exhibited a normal spatial reference memory and show an impairment in the spatial working memory (Bannerman et al., 2008). Possibly, both NMDA subunits are necessary for spatial learning, although they might influence different aspects of spatial memory.
Chapter 3: Impact of prenatal stress on NMDA receptors

PS has been shown to affect brain morphology, as well as to raise the corticosterone levels in an individual. The NMDA receptor could provide the link between the corticosterone elevation and morphological alterations in the prenatally stressed individual. We suggest that the NMDA receptor could be involved in brain alterations after PS in two different ways (Figure 6). First, the NMDA receptor can be a mediator of altered signals, either during the perinatal life or in adulthood. Second, the function and expression of the NMDA receptor could be directly modulated by PS, affecting important brain processes.


3.1. NMDA receptor as a mediator of altered signals: indirect effect of PS
3.1.1. Neonatal period
After experiencing stress, the pregnant female reacts by releasing stress hormones (Barbazanges et al., 1996; Zagron & Weinstock, 2006). Glucocorticoids are the most potent mediators of the effects of PS (Seckl, 2008) and are sufficient and necessary for the full profile of PS: application of corticoids or their chemical counterparts to pregnant females can exert similar effects on the offspring as has been observed with real stressors (Barbazanges et al., 1996; Owen & Matthews, 2007; Setiawan et al., 2007), while adrenalectomy during a critical period of the pregnancy prevented the PS-associated behavior to occur (Barbazanges et al., 1996; Zagron & Weinstock, 2006). Cortisol in humans and corticosterone in rodents are lipophilic and can therefore reach the fetus through the placental barrier and directly affect its corticosteroid levels (Takahashi et al., 1998). Corticosteroid receptors develop between 13-16 days of gestation (Diaz et al., 1998). Especially at late gestation, the fetal brain is vulnerable to corticosterone, as the placental enzyme 11β-HSD is reduced, normally converting corticosterone to a relative inactive product (Diaz et al., 1998). The rapid elevation of corticosteroids in the blood stream of the pregnant female after experiencing stress, can therefore directly affect the fetal brain from mid-gestation on. This elevated corticosteroid level could impact on important developmental brain processes via the NMDA receptor (Komatsuzaki et al., 2012), while not necessarily altering the expression or the function of the NMDA receptor.
3.1.2. In adulthood
The NMDA receptor could also mediate brain alterations through long-lasting effects of PS. A prolonged corticosterone response to acute stress in adult prenatally stressed rats is consistently observed (Barbazanges et al., 1996; Fride et al., 1986; Henry et al., 1994; Koehl et al., 1999; Koenig et al., 2005; Maccari et al., 1995; Szuran et al., 2000; Vallee et al., 1997). Also a basal rise in HPA-axis activity after PS was observed from early on in 20-day old fetuses until adulthood (Fride et al., 1986; Takahashi et al., 1998; Van den Hove et al., 2006; Ward et al., 2000; Wilcoxon & Redei, 2007), although others found no effect on basal corticosterone levels (Fride et al., 1986; Henry et al., 1994). The altered corticosterone secretion is often correlated to alterations in behavior (Barbazanges et al., 1996; Fride et al., 1986; Henry et al., 1994; Koehl et al., 1999; Koenig et al., 2005; Maccari et al., 1995; Szuran et al., 2000; Vallee et al., 1997). Underlying these HPA-axis alterations might be the decrease of expression of the corticoid receptors, inhibiting the negative feedback loop (Barbazanges et al., 1996; Henry et al., 1994; Koehl et al., 1999). New stressful experiences could therefore act on the imbalanced HPA-axis of the prenatally stressed individual and induce brain alterations, possibly by acting on the NMDA receptor.
We assume that both direct corticosteroid elevations, as well as a HPA-axis imbalance later in life, could impact on brain- and behavioral alterations of PS via the NMDA receptor. Besides this passive role in mediating the corticosterone impact on the prenatally stressed brain, the NMDA receptor function and expression itself could also be modulated after PS. 
3.2. NMDA receptor as a direct target of PS: altered expression and function
It has been shown that PS could impact on the expression pattern of NMDA receptor subunits in the hippocampus. Importantly, this might have an impact on synaptic plasticity. In the research of Son and colleagues, the reduction in NR1 and NR2B receptors in the post-synaptic density in offspring of prenatally stressed mice was correlated to a reduced LTP in response to tetanic stimulation (Son et al., 2006). Ultimately, the reduction in specific receptor subunits might lead to impaired learning performance in spatial learning tasks (Son et al., 2006; Yaka et al., 2007). Here, we give an overview on the expression pattern of the NMDA receptor subunits in the hippocampus of prenatally stressed animals, with a focus on the most prevalent subunits in the hippocampus, the NR1, NR2A and NR2B subunits (see also table 1). 

The presence of the NMDA receptor subunits in the adult hippocampus can be differentially regulated by PS. In adult male mice with a history of PS, only the NR1 and NR2B receptor at the CA1 region of the hippocampus were decreased in expression when compared to control mice, while the NR2A receptor was unaffected (Son et al., 2006). Strikingly, this was only the case when these researchers examined the mRNA levels at the postsynaptic density. The NMDA receptor subunit mRNA levels at the whole-cell level remained unchanged (Son et al., 2006). This indicates that mainly the pool of receptors that is readily available for excitation or insertion into the membrane, is affected by PS. However, even though other researchers also examined the synaptic expression of the NMDA subunits in hippocampal areas, not always a similar pattern of expression was found (table 1). In male prepubertal offspring of maternally stressed Wistar rats, only the NR2B subunit was decreased in synaptic fractions of the CA1 region of the hippocampus, whereas protein levels of the NR1 and NR2A receptor subunits remained stable (Yaka et al., 2007). In both prepubertal as well as 90-day old Ca1 area of Sprague-Dawley rats, the impact of PS on subunit composition was not visible in the synaptic fraction (Fumagalli et al., 2009; Yeh et al., 2012) not in the whole cell (Yeh et al., 2012). Possibly, in some rat strains hippocampal NMDA receptor subunits are more affected by PS than in other strains; Neeley and colleagues (Neeley et al., 2011) found an increase in NR2B expression only in adult Sprague-Dawley rats, which was still slightly present in Lewis rats but absent in Fischer rats. Other subunits were not affected in all three strains (Neeley et al., 2011).

NMDA expression is also distinct in another hippocampal area. In the Ca3 area of the hippocampus of prenatally stressed prepubertal female Sprague-Dawley rats, NR1 expression was significantly decreased at both the synapse as the whole-cell level (Jia et al., 2010). 

Also other animals have been tested for their subunit composition after PS. In juvenile prenatally stressed male guinea pigs, protein levels of NR1, NR2A and NR2B were decreased in the hippocampus (Setiawan et al., 2007). However, when these researchers examined receptor subunit expression only in the Ca1 region of the hippocampus, they found no significant changes between prenatally stressed offspring and controls (Owen & Matthews, 2007). Only in the female guinea pig, a significant decrease in the NR1 subunit was still observed in the PS condition (Owen & Matthews, 2007). 

NMDA receptor presence
 	Brain area	Animal model	Age 	Stress	Measurement	Reference	Level
NR1	 	 	 	 	 	 	 
=	Ca1	male ICR mice	49 d	Restraint: E8,5-E18,5	mRNA /protein	Son et al., 2006	Whole cell
 	Ca1	male ICR mice	49 d	Restraint: E8,5-E18,5	mRNA 	Son et al., 2006	synapse
=	Ca1	Male Wistar rats	28-35 d	Daily varied; E17-E21	Protein	Yaka et al., 2007	synapse
=	Ca1	Male Sprague-Dawely rats	35 d	Three times daily: E17-E21	Protein	Yeh et al., 2012	synapse
=	Ca1	Female Sprague-Dawley rats	35 d	Three times daily: E17-E22	Protein	Yeh et al., 2012	synapse
=	Ca1	Male Sprague-Dawely rats	35 d	Three times daily: E17-E21	Protein	Yeh et al., 2012	Whole cell
=	Ca1	Female Sprague-Dawley rats	35 d	Three times daily: E17-E22	Protein	Yeh et al., 2012	Whole cell
 	Ca1	Female Guinea pig	21 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Owen et al., 2007	Whole cell
=	Ca1	Male Guinea pig	21 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Owen et al., 2007	Whole cell
 	Ca3	Female Sprague-Dawley rats	30 d	Restraint: E14-E20	Protein	Jia et al., 2010	Whole cell
 	Ca3	Female Sprague-Dawley rats	30 d	Restraint: E14-E20	Protein	Jia et al., 2010	Synapse
 	Hippocampus	Male Guinea pig	22 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Setiawan et al., 2007	Whole cell
=	Hippocampus	Female Guinea pig	22 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Setiawan et al., 2007	Whole cell
=	Hippocampus	Male Sprague-Dawley rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Lewis rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Fischer rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Sprague-Dawley rats	90 d	Restraint: E14-E21	Protein	Fumagalli et al., 2009	Synapse
 	 	 	 	 	 	 	 
NR2A	 	 	 	 	 	 	 
=	Ca1	male ICR mice	49 d	Restraint: E8,5-E18,5	mRNA	Son et al., 2006	Whole cell
=	Ca1	male ICR mice	49 d	Restraint: E8,5-E18,5	mRNA	Son et al., 2007	synapse
=	Ca1	Male Wistar rats	28-35 d	Daily varied; E17-E21	Protein	Yaka et al., 2007	synapse
=	Ca1	Male Sprague-Dawely rats	35 d	Three times daily: E17-E21	Protein	Yeh et al., 2012	synapse
=	Ca1	Female Sprague-Dawley rats	35 d	Three times daily: E17-E22	Protein	Yeh et al., 2012	synapse
=	Ca1	Male Sprague-Dawely rats	35 d	Three times daily: E17-E21	Protein	Yeh et al., 2012	Whole cell
=	Ca1	Female Sprague-Dawley rats	35 d	Three times daily: E17-E22	Protein	Yeh et al., 2012	Whole cell
=	Ca1	Female Guinea pig	21 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Owen et al., 2007	Whole cell
=	Ca1	Male Guinea pig	21 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Owen et al., 2007	Whole cell
 	Hippocampus	Male Guinea pig	22 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Setiawan et al., 2007	Whole cell
=	Hippocampus	Female Guinea pig	22 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Setiawan et al., 2007	Whole cell
=	Hippocampus	Male Sprague-Dawley rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Lewis rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Fischer rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Sprague-Dawley rats	90 d	Restraint: E14-E21	Protein	Fumagalli et al., 2009	Synapse
 	 	 	 	 	 	 	 
NR2B	 	 	 	 	 	 	 
=	Ca1	male ICR mice	49 d	Restraint: E8,5-E18,5	mRNA	Son et al., 2006	Whole cell
 	Ca1	male ICR mice	49 d	Restraint: E8,5-E18,5	mRNA	Son et al., 2007	PSD
 	Ca1	Male Wistar rats	28-35 d	Daily varied; E17-E21	Protein	Yaka et al., 2007	synapse
=	Ca1	Male Sprague-Dawely rats	35 d	Three times daily: E17-E21	Protein	Yeh et al., 2012	synapse
=	Ca1	Female Sprague-Dawley rats	35 d	Three times daily: E17-E22	Protein	Yeh et al., 2012	synapse
=	Ca1	Male Sprague-Dawely rats	35 d	Three times daily: E17-E21	Protein	Yeh et al., 2012	Whole cell
=	Ca1	Female Sprague-Dawley rats	35 d	Three times daily: E17-E22	Protein	Yeh et al., 2012	Whole cell
=	Ca1	Female Guinea pig	21 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Owen et al., 2007	Whole cell
=	Ca1	Male Guinea pig	21 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Owen et al., 2007	Whole cell
 	Hippocampus	Male Guinea pig	22 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Setiawan et al., 2007	Whole cell
=	Hippocampus	Female Guinea pig	22 d	Betamethasone: E40/41, 50/51 and 60/61	Protein	Setiawan et al., 2007	Whole cell
 	Hippocampus	Male Sprague-Dawley rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
 	Hippocampus	Male Lewis rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Fischer rats	56 d	Random variable: E14-E21	mRNA	Neeley et al., 2011	Whole cell
=	Hippocampus	Male Sprague-Dawley rats	90 d	Restraint: E14-E21	Protein	Fumagalli et al., 2009	Synapse
 	 	 	 	 	 	 	 
NMDA	 	 	 	 	 	 	
 	Ca1	Male Wistar rats	90 d	Restraint stress: E14-E21	Open receptor	Berger 2002	 
 	Neopallium	C57BL/6 mice	5 d	Environmental/social: full 3 weeks	Open receptor	Rangon 2007	 
 	Ca1	Male Wistar rats	90 d	Restraint stress: E14-E21	Open receptor	Barros 2004	 
The above presented results are inconsistent, although a certain trend is visible towards a decreasing pool of NR1 and NR2B NMDA receptor subunits after PS (table 1). The variability in protocols could explain these different results, as the stress-inducing stimulus is varying between restraint stress, variable stress and social stress; the duration of the stressor varies between short (E17-E21) or long (E8,5 -E18,5) exposure; different brain areas are investigated (Ca1 and Ca3), different animal model are used (rats, guinnea pigs and mice), the age of testing differs between 21 and 90 days and both female and male animals are tested. 

However, possibly the NMDA receptor does not only change by subunit expression alterations in response to PS exposure. Several other NMDA receptor alterations are investigated. First, it has been shown consistently that the binding property of the NMDA receptor is upregulated after PS in both the neopallium of 5-day old mice, as well as in the Ca1 region of 90-day old rats (Barros et al., 2004; Berger et al., 2002; Rangon et al., 2007). This finding is striking in the light of the unclear findings regarding receptor subunit expression, both because of its consistency and for its upregulation whereas the subunit expression is either neutral or negatively impacted by PS in most experiments (see table 1). The binding property of the NMDA receptor was investigated with MK-801, a non-competitive antagonist of the NMDA receptor that can only bind inside the NMDA channel when it is open. As an increased amount of open receptors potently increases the calcium concentration inside the cell, one would assume that this would have a positive influence on the induction of LTP. In contrast, other researchers have shown that LTP induction is reduced in prenatally stressed individuals (Son et al., 2006; Yaka et al., 2007). How the increased binding property of the NMDA receptor is related to the decreased susceptibility to LTP induction after PS, should therefore be further investigated. Second, it has been shown that the interaction between NR1 and NR2 subunits is impaired after PS (Son et al., 2006). As the insertion of NMDA receptors into synapses from the intracellular pool is dependent on preassembly of the subunits to form a mature NMDA receptor complex (Barria & Malinow, 2002), this might directly influence the surface expression of NMDA receptors. 

A third subtle change on NMDA receptors after PS is that the interaction between scaffold proteins and NMDA receptors is impaired (Son et al., 2006). Scaffold proteins anchor and cluster the NMDA receptor at the surface of the membrane, important for exerting its receptor function. Fourth, the phosphorylation of the NMDA receptor has been shown to be impaired when prenatally stressed rats are exposed to an acute stress paradigm (Fumagalli et al., 2009). Phosphorylation of the receptor may modulate its function (L. Chen & Huang, 1992), and affects many forms of synaptic plasticity (L. Chen & Huang, 1991). As the basal phosphorylation of the NMDA receptors is not affected by PS, this experiment indicates that especially after a de novo experience with stress, NMDA receptor activation is impaired (Fumagalli et al., 2009). Fifth, PS could change receptor trafficking properties. Genes are downregulated by PS that are importantly involved in the exocytotic and endocytotic machinery (Kinnunen et al., 2003). The activation of these genes could alter NMDA receptor expression by affecting the trafficking towards the membrane or towards the synapse.
3.3. PS, NMDA receptors and brain plasticity
We observed the crucial impact of PS on several forms of morphological and structural alterations in the hippocampus (chapter 1.3). Also, we showed the impact of NMDA receptors on these hippocampal alterations (chapter 2.2.2). As PS affects NMDA receptor expression and function, it might be expected that the hippocampal alterations are induced by this change in NMDA receptor expression.
3.3.1 Morphology 
In the research of Jia and colleagues (2010), together with the observation of a decrease in dendritic length and complexity, an increase in glutamate and a decrease in NR1 expression were observed. There could be a relation between the NMDA receptor and dendritic morphology after PS. 
Importantly, the presence of corticosterone impacts on dendritic morphology via activation of the NMDA receptor (Komatsuzaki et al., 2012; Martin & Wellman, 2011). First, corticosterone has been shown to rapidly promote spinogenesis in the hippocampus, mainly by enlarging small spines, a process dependent on the NMDA receptor (Komatsuzaki et al., 2012). Second, stress-induced dendritic atrophy later in life is shown to be NMDA-receptor dependent (Martin & Wellman, 2011). As both neonatal and adult individuals with a history of prenatally stress have elevated corticosterone levels, especially in response to stressors, these results suggest that this could directly impact on the morphology of the hippocampus via the NMDA receptor. The NMDA receptor then has as a role as a mediator of altered signals. Support for this hypothesis is given by the reversibility of the morphological alterations by later life experiences, such as voluntary wheel running (Bustamante et al., 2010).

Thus, PS could influence dendritic morphology in the hippocampus via corticosterone-induced activation of the NMDA receptor. Whether the altered NMDA receptor expression after PS has an additional effect on dendritic morphology, is not clear. We will have to focus future research on investigating morphological alterations simultaneously with corticosterone assays and NMDA receptor expression measurements in order to elucidate the distinct role of the NMDA receptor in morphological alterations after PS.
3.3.2 Neurogenesis
Cell proliferation is unlikely to be mediated through corticosteroids directly, as corticoid receptors are absent in most granule cell precursors in the rat brain (Cameron et al., 1993) and in young mice (Garcia et al., 2004). A possible mechanism by which maternal stress hormones can influence neurogenesis in the adult brain after learning, is by the altered function of NMDA receptors. 

Neurogenesis is importantly regulated by both stress and NMDA receptor activation (Cameron et al., 1998; Gould et al., 1997). Psychosocial stress in the adult tree shrew, a species phylogenetically between insectivores and primates, has a negative impact on neurogenesis in the dentate gyrus (Gould et al., 1997). Additionally, blockade of the NMDA receptor by the antagonist MK-801 resulted in an increase of granule cells (Gould et al., 1997). The group of Gould decided to further assess whether stress and the NMDA receptor depend on a common pathway (Cameron et al., 1998). In order to do so, the experimenters exposed adult male rats to both corticosterone and MK-801, or one of these treatments alone, and observe that NMDA antagonist application blocks the decrease in neurogenesis induced by corticosterone (Gould et al., 1997). Furthermore, application of a NMDA agonist reverses the positive effect of adrenalectomy on granule cell proliferation. The crucial impact of NMDA receptor alteration on neurogenesis indicates a shared pathway where the NMDA receptor works downstream of corticosterone (Cameron et al., 1998). The suppressive effects of glucocorticoids and NMDA receptor activation on granule cell genesis suggest that PS, which is known to elevate levels of circulating glucocorticoids and change NMDA expression, naturally inhibits cell proliferation in the dentate gyrus. 

The NMDA-dependent PS effects on neurogenesis could be due to altered corticoid levels in the fetus, or in later life. PS has been shown to decrease neurogenesis already in the fetal rhesus monkey hippocampus while measured corticosterone levels in the fetus are significantly decreased, implying a relation between early alterations of corticosterone and neurogenesis (Uno et al., 1990). However, postnatal life is also important for influences on neurogenesis, as the deficits in neurogenesis, as well as the corticosterone elevations, can be reversed by handling (Lemaire et al., 2000). These effects seem to be mediated by the normalization of the HPA-axis activity (Lemaire et al., 2000). 

It is unknown whether the altered NMDA subunit expression after PS influences neurogenesis, although the developmental profile of the subunit composition indicates that perinatal neurogenesis is dominated by the NR2B subunit, while adult neurogenesis could rely on both subunits.  The altered presence of the NR2B subunit after PS could importantly affect neurogenesis, as the NR2B subunit has been shown to be involved in inhibiting cell proliferation (Hu et al., 2008).
3.3.3 Excitotoxicity
The NMDA receptor could play a role in the effects of PS on the neonatal and adult brain by stimulating excitotoxicity. We showed before that PS increases the binding property of the NMDA receptor, possibly enhancing the excitotoxic impact on neuronal cells. Possibly, also the elevated corticosterone levels have an impact on excitotoxic events after PS. Corticosterone has been shown to increase neuronal injury induced by glutamate in cultured neurons (Goodman et al., 1996). In vivo, corticosterone had an impact on glutamate-induced excitotoxicity, and this excitotoxicity is dependent on the NMDA receptor (Mulholland et al., 2006). Also, the synthetic glucocorticoid dexamethasone has been shown to increase excitotoxic damage resulting from NMDA when applied one hour before, but not 24 hours before, simultaneously, or 1 hour after NMDA injection (Supko & Johnston, 1994). Therefore, the elevated corticosterone levels in PS, mainly after a new stressor, could increase excitotoxicity by the NMDA receptor.


Conclusion and future directions

In this review, we stressed the important role of NMDA receptors in altering dendritic morphology, neurogenesis and excitotoxicity after PS. The altered corticosterone levels likely play a role in those processes, as elevated corticosterone levels can affect the NMDA receptor composition, increase the NMDA-receptor mediated effects on morphology and neurogenesis and raise the NMDA receptor-dependent excitotoxicity.
The NMDA receptor could exert its role on the brain after PS via two distinct mechanisms. First, the NMDA receptor could have a mediatory effect on brain structure by transmitting the elevated corticosterone signal after PS. Second, structural brain alterations could be induced by PS through the altered NMDA receptor function and expression. It is not yet clear whether one of these mechanisms is uniquely active after PS. In some research, but not in others, structural brain alterations were linked to a change in the NMDA receptor expression. Future research should elucidate the mechanism responsible for the brain alteration after PS. Important questions yet to answer are: Is one of the NMDA receptor subunits crucially involved in the effects of PS? By what mechanism does this receptor preferentially affect the brain after PS? Can alterations in NMDA receptor expression occur without the observation of structural brain alterations? And can the elevated corticosterone secretion readily alter NMDA receptor transmission? Or is the NMDA receptor already altered in expression and function early in life?
If the NMDA receptor functions as a mediator of altered corticosterone signals, brain alterations might only be observed directly after the elevated corticosterone secretion in response to stress later in life. However, not much research has been done on the effects of PS after an acute stress exposure. Therefore, it is useful to investigate the effect of acute stress exposure in prenatally stressed individuals on dendritic morphology, neurogenesis and excitotoxicity. 
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Figure 1 - Prenatal stress impacts on dendritic structure, spines and synapses. A: Pyramidal neurons from hippocampal Ca3 region are affected by prenatal stress. In PS rats, especially apical dendrites are decreased in length and complexity (from Jia et al., 2010). Both spines (B) and synapses (C) are decreased in Ca3 pyramidal neurons of adult prenatally stressed rats. Spines are Golgi-stained; synapses are counted by a combination of uranyl acetate/Reynolds lead citrate staining and electron microscopy (Ischwata et al., 2005). 
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Figure 3. The NMDA receptor at a resting membrane potential.

Figure 5 – The distinct development of the three most prevalent NMDA receptors in the hippocampus. NR1 and NR2B are already present at birth, and peak around day 8-14. NR2A peaks around day 21. The early perinatal period is dominated by NR2B-containing NMDA receptor heteromers. Extracted and modified from Riva et al., 2004

Figure 4. The hippocampal subregions Ca1, Ca3 and dentate gyrus (DG).

Figure 6. Proposed involvement of the NMDA receptor in PS. The NMDA receptor could alter the hippocampal brain structure after PS in two ways: by directly impacting on its expression and function due to PS exposure to the fetus (structural NMDA receptor change), or indirectly by mediating an elevated corticosterone response – either in the fetus or later on via the affected HPA-axis.


Table 1: NMDA receptor expression after prenatal stress exposure
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